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We study a quantum-dots dispersed bent core liquid crystalline system inside a planar cell and
present experimental measurements of the order parameter, dispersion and absorption spectra, with
attention to variations with temperature. Our notable findings concern the reduction of the orienta-
tional order parameter of the quantum-dots dispersed system compared to its pristine counterpart,
at fixed temperatures, and the reduced order parameter for the doped system results in reduced
dielectric anisotropy and reduced birefringence, amongst other electro-optic properties. We com-
plement the experiments with a novel Landau-de Gennes type energy for a doped bent core liquid
crystalline system, that qualitatively captures the doping-induced reduced order parameter and its
variation with temperature.
I. INTRODUCTION
The bent-core liquid crystals (BLCs) represent a novel
class of liquid crystal (LC) mesogens that manifest
various unique and exciting properties such as chirality,
ferroelectricity and biaxiality [1–6]. They are known to
form several exotic mesophases such as the twist-bend
nematic (Ntb) phase, the blue phase (BP) and the banana
(B1-B7) phases [1, 7–10]. Owing to these remarkable
properties and unusual phase formation, they have been
studied extensively in the last two decades. The nematic
(N) phase of BLCs itself is capable of manifesting a
few of the aforementioned distinct features, such as
ferroelectric response, fast switching and macroscopic
biaxiality [11–16]. In contrast, the N phase of calamitic
mesogens does not possess any of these properties.
The main reason behind these extraordinary features
is the locally polar cybotactic clusters formed by BLC
molecules in their N phase [4–6, 11–14]. Due to bent
molecular shape and the lack of translational symmetry,
the BLC molecules in their N phase experience steric
hindrance. It causes stacking of the BLC molecules
in smectic layers (clusters) [17, 18]. These stacks of
molecules are termed as ‘cybotactic’ clusters because
they are more ordered compared to the surrounding
molecules. The clusters and the other BLC molecules
together constitute the macroscopic N phase [4]. Recent
reports aided by various experimental techniques have
established their existence in the nematic, smectic and
even in the isotropic phases [13, 19–23]. Although
studied extensively, the origin of their formation and
the effects of external factors (e.g. nanoparticle doping,
electric field) on these clusters remain an open problem.
Further studies are required for successful tailoring
of the physical properties of these clusters for their
applicability in devices.
Incorporation of nanoparticles (NPs) in the LC matrix
to improve or to selectively modify the physical proper-
ties of LCs is a widely used technique in todays liquid
crystal science. The nanoparticles can be of different
types such as metal NPs, insulating NPs, ferroelectric
NPs, carbon nanotubes (CNTs) and carbon nanodots, to
name a few [24–31]. Studies have shown that the disper-
sion of nanoparticles in LCs can improve the electro-optic
properties, modify the elastic anisotropy and the dielec-
tric constants, and reduce the transition temperatures
[27, 30–33]. The incorporation of NPs can also affect the
orientation of LCs and induce a homeotropic alignment
[34]. Varying size and shapes of the dopant NPs also
have a profound effect on the physical properties of LCs
[35–37]. Recently, a new class of semiconductor NPs have
been discovered, called the quantum dots (QDs). Incor-
poration of these QDs in the LC matrix may also result in
significant improvement of the physical properties of LCs,
such as a reduction in the dielectric anisotropy, faster
response times, alterations in the phase transition tem-
peratures and induction of the homeotropic alignment
[33, 36–40]. Any alteration in the dielectric anisotropy
(∆) provides with an indirect measure of changes in the
order parameter (S), because ∆ ∝ S [33, 41]. Addi-
tionally, the QDs can be used to efficiently modify the
photoluminescence, fluorescence and emission spectra of
LCs [38]. The QDs are usually capped with functional-
ized ligands that prevent aggregation. In particular, this
makes QDs good candidates for stabilising dilute suspen-
sions for doping or dispersion LC experiments. To date,
there has been work on QDs dispersed in calamitic ne-
matic LCs (NLCs) while their effect on bent-core NLCs
is relatively open [33]. In particular, little is known about
the effect of QDs or doping in general, on the cybotactic
clusters in bent core NLCs and in the absence of system-
atic experimental and theoretical studies on these lines,
doped bent core NLC systems cannot meet their full po-
tential.
We study a dilute homogeneous suspension of a QD-
doped theormotropic BLC (details in the next section),
confined to a planar cell with fixed boundary conditions
on both cell surfaces. In particular, the undoped coun-
terpart exhibits cybotactic clusters. Our primary investi-
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2gations concern comparisons between the doped and un-
doped system, that give quantitative insight into the ef-
fects of doping, the interplay between doping and cluster
formation and how these effects can be tailored by tem-
perature and external stimuli. This paper builds on our
first paper [42] wherein we focussed on a one-dimensional
theoretical study of the N phase of a BLC, confined
to a planar cell, within a phenomenological Landau-de
Gennes (LdG) framework inspired by previous insightful
modelling in [43]. This model is based on the premise
that the N phase of BLC is characterized by two or-
der parameters: Sg that measures the ordering of the
ground-state molecules (outside the clusters) and Sc that
measures the ordering within the smectic-like cybotac-
tic clusters, with coupling between the two effects cap-
tured by an empirical parameter γ. In [42], we theo-
retically studied the effects of spatial inhomogeneities,
confinement and the coupling parameter, γ, on Sg and
Sc. Little is known about the material-dependent val-
ues of γ or indeed how it could be experimentally con-
trolled. Our theoretical studies showed that larger values
of γ substantially increase the interior values of Sg and
Sc i.e. γ promotes order outside and within the clus-
ters of the N phase of the BLC, the effects being more
pronounced for lower temperatures. However, the cou-
pling also enhances the values of Sg, for temperatures
above the nematic-isotropic transition temperature i.e.
the bent core NLC can exhibit nematic order when the
calamitic N phase does not e.g. for temperatures above
the nematic-isotropic transition temperature. The model
in [42] is simplified in many ways, but yet sheds qualita-
tive insight into the powerful prospects offered by cybo-
tactic clusters in BLCs and how they can be used to ma-
nipulate nematic order and phase transitions for tailor-
made applications.
In this paper, we report a combined experimental and
theoretical analysis of QDs dispersed in a bent-core ne-
matic LC 14-2M-CH3, in the dilute regime. The di-
lute regime applies to systems of nano-scale QDs (much
smaller than the system size) with a low concentration
of QDs, and the QDs are uniformly dispersed without
any aggregation effects. We perform optical, dielectric
and transmission dependent order parameter measure-
ments on the pristine BLC and its QDs-dispersed coun-
terpart. The N phase of 14-2M-CH3 contains cybotactic
clusters, as already reported in our earlier work [44]. We
find that the N phase of the QDs-dispersed counterpart
also contains cybotactic clusters, albeit with modified
properties. We report a number of interesting experi-
mental results for the QDs-dispered BLC system -the N
phase range broadens by ∼ 2 ◦C, the macroscopic or-
der parameter (S) is lowered compared to the undoped
counterpart for a given temperature, the value of the di-
electric anisotropy (∆) decreases compared to the un-
doped counterpart, the activation energy (Ea) increases
compared to the undoped counterpart and based on the
measurements of the relaxation frequencies and activa-
tion energies, we deduce that the size of the cybotactic
clusters decreases with QDs doping. We complement our
experiments with a theoretical LdG-type model for the
N phase of the QD-doped BLC, using the framework de-
veloped in [45]. This framework is not specific to QDs
or to BLCs but to generic dilute doped LC systems and
effectively captures the effects of the homogeneously sus-
pended inclusions (in this case QDs) in terms of an ad-
ditional contribution to the free energy. Hence, we apply
this approach to the LdG free energy of a BLC system
proposed in [42] and [43] and qualitatively capture the
effects of the QDs by means of suitable novel additional
energetic terms. These additional terms, in principle, de-
pend on the properties of the QDs e.g. size, anchoring
and preferred order etc. This simplistic approach does
capture the doping-induced reduction in the mean or-
der parameter, which in turn qualitatively explains the
reduction in birefringence, dielectric anisotropy, and re-
duced values of Sc qualitatively suggests reduced values
of γ and smaller cluster sizes for doped BLC systems. We
present our experimental results in three parts below, fol-
lowed by the mathematical model, numerical results and
perspectives for future work.
II. EXPERIMENTAL
A thermotropic bent-core nematic liquid crystal (LC)
14-2M-CH3 was used for the experimental study and
also as the host for the studied LC nanocomposite. The
LC material was obtained from Prof. N.V.S. Rao’s group
at the Department of Chemistry, Assam University,
Silchar, Assam, India. The CdSe/ZnS core-shell type
quantum dots (QDs) of diameter 5.6 nm (Core dia:
2.8 nm + Shell thickness 1.4 nm) were procured from
Sigma-Aldrich, Merck for preparing the liquid crystal
(LC) nanocomposites. The sequence of experimental
steps performed are as follows: preparation of QDs dis-
persed LC nanocomposite, optical texture observation
and evaluation of transition temperatures, dielectric
characterization, and orientational order parameter
determination via optical transmission measurements.
All the experimental measurements were carried out
while slowly cooling the sample from the isotropic liquid.
To prepare the LC nanocomposite, CdSe/ZnS QDs
were taken at 0.5 wt% concentration and mixed with the
LC compound 14-2M-CH3. To obtain a homogeneous
dispersion of the quantum dots in the LC matrix,
chloroform was added to the mixture, and the mixture
TABLE I. Phase sequence and transition temperatures ob-
served in this study (using POM) during slow cooling.
Compound
Phase sequence and transition
temperatures (◦C)
14-2M-CH3 Iso 134 NCyb 106 Cryst.
14-2M-CH3 + 0.5 wt% QDs Iso 134 NCyb 104 Cryst.
3FIG. 1. Optically isotropic solutions of (a) 14-2M-CH3 (b)
CdSe/ZnS QDs and (c) nanocolloid (14-2M-CH3 + 0.5 wt%
CdSe/ZnS QD) in Chloroform (CHCl3).
was ultrasonicated till a visibly homogeneous dispersion
was achieved (Figure 1). The mixture was kept at 60
◦C - 65 ◦C for 2-3 hours and it was then left overnight
at room temperature for the slow evaporation of the
chloroform [46]. Once the chloroform was completely
evaporated, 0.5wt% QDs dispersed LC nanocomposites
were obtained. They were checked visually through
a polarizing optical microscope several times, but no
aggregation of QDs were noticed.
Indium Tin Oxide (ITO) coated 5 µm planar (ho-
mogeneous alignment) cells (Instec Inc., USA) were
used for the experiments. Two different such cells were
used for the pristine LC and the LC nanocomposite,
respectively. The LC materials were filled in the cells
via capillary action around 10 ◦C above the clearing
temperature. During measurements, the cells were kept
inside an Instec HCS302 hot-stage and the temperature
was maintained using an Instec MK1000 temperature
controller with an accuracy of ± 0.01 ◦C. The liquid
crystalline textures were recorded using an OLYMPUS
BX-51P polarizing optical microscope (POM) attached
to a computer with the sample placed between two
crossed polarizers.
The phase behaviour and transition temperatures
of the LC 14-2M-CH3 and its nanocomposite were
determined using the POM while slowly cooling from
the isotropic liquid (0.5 ◦C/min) [33, 46]. The transition
temperatures of the pristine bent-core LC 14-2M-CH3
were also determined previously using differential scan-
ning calorimetry (DSC) at a scan rate of 5 ◦C/min
(reported elsewhere) [44]. The transition temperatures
of the pristine LC and its nanocomposite, as obtained
from the POM observations, are summarized in Table
1. The dielectric measurements were carried out in the
frequency range of 20 Hz - 2 MHz using an Agilent
E4980A precision LCR meter. The measuring voltage
was kept at Vrms = 0.2 V. For transmission dependent
order parameter measurements, the planar sample was
placed between two crossed Glan-Thompson polarizers
(GTH10M, Thorlabs, Inc.) and perpendicularly illumi-
nated with a He-Ne Laser (∼ 633 nm) [47, 48]. The LC
director (n̂) of the planar cell was at 45◦ with respect to
the polarizer (P)/analyzer (A) pass-axes. Transmitted
power at the output end was measured using a Gentec
PH100-Si-HA-OD1 photo-detector attached to a Gentec
Maestro power meter.
III. RESULT AND DISCUSSION
A. Polarizing optical microscopy
The LC material is introduced in a 5 µm planar
LC cell via capillary action around 10 ◦C above the
isotropic-nematic transition temperature, and the
textures are recorded between crossed polarizers. The
LC molecules are anisotropic in nature, and hence
their physical properties vary differently along different
directions in space. Typically, the refractive index along
the long molecular axis (i.e. along the LC director n̂)
is termed as the extraordinary refractive index (ne)
while in the transverse direction it is termed as the
ordinary refractive index (no) [49]. As a result, the
LC phases become birefringent and the birefringence
(∆n) is then defined as, ∆n = ne − no. When light
propagates through an LC medium, it experiences a
phase difference (δ) given by, δ = 2piλ ∆nd, where d is
the thickness of planar cell and λ is the wavelength
of incident light. The birefringence, ∆n, of LCs is a
temperature dependent quantity. Therefore, when a LC
sample is placed under a microscope, between crossed
polarizers and viewed across it, exciting colours are
observed depending on the phase difference (δ) [50].
As the temperature is varied gradually, the textural
colours also change. For a non-birefringent (i.e. optically
isotropic with ∆n = 0) sample, the incoming light is
extinguished and the sample appears dark. The textures
recorded for the LC 14-2M-CH3 and its 0.5 wt% QDs
dispersed nanocomposite, during slow cooling from the
isotropic state, are shown in Figure 2.
The textures of the LC nanocomposite exhibit a fairly
homogeneous colour (and hence, alignment) similar to
that of the pristine LC. This indicates a good, homoge-
neous dispersion of QDs in the LC matrix without any
aggregation [33]. Close to the isotropic-nematic (Iso-N)
transition temperature, we observe a sharp colour change
owing to the development of nematic order in these sys-
tems (see Figures 2a and 2f). As the temperature is
further lowered, uniform marble textures, typical of the
nematic phase, appear with colours varying with temper-
ature [44]. The isotropic-nematic transition temperature
remains nearly unaltered while the nematic-crystalline
4FIG. 2. Birefringent textural colour variation with temperature of (a-e) the bent-core LC 14-2M-CH3 and (f-j) the 0.5wt%
CdSe/ZnS QDs dispersed 14-2M-CH3, during cooling, respectively.
transition temperature is lowered by ∼ 2 ◦C, after in-
corporation of QDs. It shows that the nematic phase
range is increased on inclusion of the 0.5 wt% CdSe/ZnS
QDs in the LC matrix. In the N phase, the emergent
colours change with decreasing temperature, which in-
dicates that the birefringence (∆n) also changes with
temperature. A qualitative measure of this change in
birefringence can be made by matching the colours with
the Michel-Levy chart for a given thickness [51]. We de-
duce that ∆n increases with decreasing temperature from
this mapping. Also, the change in ∆n with temperature
is found to be quite high (∼ 0.06). This is suggestive of
highly ordered microstructures in the N phase of the BLC
compound [6, 52]. Also, from Figure 2 we can clearly see
that the temperature dependent textural colour sequence
changes/shifts after incorporation of the QDs. With the
help of Michel-Levy chart, we qualitatively deduce, that
the ∆n values for each temperature are lowered on incor-
poration of the QDs, implying a reduction in the corre-
sponding nematic order parameter S, since, ∆n ∝ S [46].
The order parameter (S) measurements have also been
performed and are discussed in detail in the sub-section
III-C.
B. Dielectric Studies
Dielectric measurements were carried out in a fre-
quency range of 20 Hz − 2 MHz (measuring voltage
Vrms = 0.2 V) and at different temperatures during the
cooling cycle. The dielectric permittivity (∗) of LCs
is a complex quantity. In the frequency domain, the
permittivity can be expressed as, ∗(f) = ′(f) − i′′(f)
[53]. Here, ′ and ′′ are, respectively, the real and the
imaginary parts of the complex dielectric permittivity.
A typical plot of ′(f) or ′′(f) with the frequency f
(or logf) is termed as the dielectric spectrum. In the
literature, the plot of ′(logf) is known as the dispersion
curve whereas, the plot of ′′(logf) is known as the
absorption curve [52, 53]. The real part of permittivity
(′) represents the energy storage capacity and also
the degree of polarization of the medium [49, 53]. The
imaginary part (′′), on the other hand, represents the
accompanying energy loss due to reorientation and
relaxation of the dipoles (i.e. of the LC molecules or,
the collective relaxations). For a certain relaxation
process, when the frequency value reaches that of the
critical (or relaxation) frequency (fR) associated with
the process, ′′ reaches its maxima [53]. Hence, at this
critical frequency (fR), a relaxation peak is obtained
in the absorption curve. For multiple such processes,
multiple relaxation peaks will appear in the absorption
curve. Another important parameter associated with a
relaxation process is the dielectric strength (δ). Dielec-
tric strength (δ) is defined as δ = ′(0) − ′(∞) [53].
FIG. 3. Frequency-dependent real (′) and imaginary (′′)
parts of dielectric permittivity of (a-b) pristine LC (14-2M-
CH3) and (c-d) QDs dispersed LC nanocomposite (14-2M-
CH3 + 0.5wt% CdSe/ZnS QDs), at different temperatures,
during cooling. (f in Hz)
5Here, ′(0) is the static dielectric permittivity and ′(∞)
is the high frequency limit of dielectric permittivity.
δ is related with the dipole moment (µ) as, δ ∝ µ2.
Therefore, δ can reveal information about local polar
order of the system (i.e. polar cybotactic clusters in our
study) [44].
The dielectric spectra of ′ and ′′, obtained from ex-
periments, for the LC 14-2M-CH3 and its QDs dispersed
nanocomposite are shown in Figure 3. The maximum
experimental error for the dielectric measurements lie
within ±1%. From Figure 3a, we can see that the
value of ′ at smaller frequencies is ∼ 120, for the
LC 14-2M-CH3. Such a high value of 
′ is typical of
ferroelectric-like substances [44, 53, 54]. A large ′ value
indicates that the associated net dipole moment (and
hence the polarization) of the medium is substantial.
Therefore, it might be an indication of a local polar order
in the LC medium. The dielectric absorption spectra un-
veils the associated relaxation processes in the medium.
The absorption spectra of 14-2M-CH3 is depicted in
Figure 3b. At any temperature, two distinct relaxation
peaks (or modes) can be identified: a low-frequency
mode (M1) and a high-frequency mode (M2). The two
modes represent different relaxation processes present
in the LC medium. Collective relaxation processes (e.g.
Goldstone mode in ferroelectric LCs, cybotactic clusters)
are known to give rise to low-frequency absorption peaks
similar to M1 [11–13, 53]. Therefore, the Mode M1 is
suggestive of collective relaxations, while M2 represents
reorientation of the LC molecular short-axis subject to
planar anchoring conditions [13, 44]. With temperature,
M1 varied significantly, while M2 showed only a little
variation. Collective relaxations in the N phase of
bent-core LCs arise due to the smectic-like, locally polar
cybotactic clusters [11–13, 55]. These clusters only
occupy a fraction of the volume, and not all molecules
form these clusters [42, 43]. Experiments also show
that the clusters can exist in the isotropic phase, and
their size does not change significantly across the I-N
transition - a unique property of BLCs that warrants
further investigation [13, 43, 44, 56, 57]. As reported
in [44], the N phase of the pristine LC 14-2M-CH3 is
cybotactic in nature i.e. contains smectic-like cybotactic
clusters. Further, it was shown in reference [44] that M2
represents reorientation of the LC molecular short-axis.
For the 0.5 wt% QDs incorporated 14-2M-CH3, the
dispersion curve is shown in Figure 3c. Similar to the
pristine LC 14-2M- CH3, we can see that the value of
′ at smaller frequencies is large (∼ 120). Therefore, it
indicates a local polar order in the LC nanocomposite as
well. The absorption spectra of the LC nanocomposite
is depicted in Figure 3d. Similar to the pristine LC
14-2M- CH3, at any temperature, two distinct relaxation
peaks (or modes) can be identified: a low-frequency
mode (M1) and a high-frequency mode (M2). Although
the two modes appear similar for the pristine LC and
FIG. 4. DC bias suppression of the low-frequency relaxation
mode (M1) in the 0.5 wt% QDs incorporated 14-2M-CH3 at
(a) 129 ◦C and (b) 121 ◦C. (f in Hz)
its nanocomposite, a relative change in the associated
relaxation frequencies (fR) can be observed on incorpo-
ration of QDs. The values of fR have been evaluated
from the experimental data and it has been discussed in
detail later in this section. The fR associated with M1
can be identified as fR1 and for M2 it can be identified
as fR2. With inference from the results obtained for the
pristine LC 14-2M-CH3, it is evident that the collective
processes (and hence the cybotactic clusters) survives
in the QDs dispersed LC nanocomposite. However, to
establish this firmly, additional DC bias measurements
were performed. For collective processes, when a DC
bias voltage is applied across an LC cell, the relaxation
process ceases to exist. As a result, the dielectric
relaxation modes get suppressed and at high voltages
they become extinct [13, 53, 54]. A DC bias voltage of
amplitude 10 V and higher was applied across the LC
nanocomposite cell and the dielectric measurements were
performed. It was observed that the mode M1 started
to become suppressed (Figure 4), and it was completely
absent at higher voltages (∼ 20 V). This observation
confirms collective behaviour of M1 [13, 44] and hence
corroborates retention of the cybotactic nematic phase
(NCyb) in the QDs dispersed LC nanocomposite. The
high-frequency mode M2, however, did not show any
change on DC bias application and hence it represents
reorientation of LC molecular short axis, as indicated
earlier.
The permittivity (′) values at f = 10 kHz were also
evaluated as a function of temperature (Figure 5). It
shows that on incorporation of QDs the permittivity
(′) increases appreciably. In planar configuration, ′
represents ⊥. The dielectric anisotropy (∆) is defined
as, ∆ = || − ⊥. Therefore, an increase in ′ indicates
decrease in ∆. Further, a reduction in the dielectric
anisotropy is indicative of decreasing macroscopic order
parameter (since ∆ ∝ S) [33, 41]. It will be discussed
in detail in section III-C.
To analyze the dielectric modes and the effects of in-
corporation of QDs, the associated dielectric parameters
(e.g. dielectric strength (δ), relaxation frequency (fR))
were evaluated. To obtain these parameters, the exper-
imental dielectric data were fitted using the well-known
6FIG. 5. Dielectric permittivity of 14-2M-CH3 and its
nanocomposite at 10 kHz, as a function of temperature.
FIG. 6. Imaginary dielectric permittivity (′′) and its the-
oretical fit from the Havriliak-Negami (H-N) equation, as a
function of temperature, in (a) 14-2M-CH3 and (b) 0.5 wt%
QDs incorporated 14-2M-CH3 at 120
◦C. The fitting parame-
ters χ2 and R2 are generated by the fitting algorithm, so that
χ2 ∼ 0 and R2 ∼ 1 describe good fits (f in Hz).
Havriliak-Negami fit function. The frequency-dependent
complex dielectric permittivity, ∗(f), can be described
by the modified Havriliak-Negami (H-N) equation, [58–
61] which also includes contributions from the dc conduc-
tivity (σ0):
∗(f) = ∞ +
N∑
k=1
δk
[1 + (ifτk)αk ]βk
− iσ0
0(2pif)s
. (1)
The last term on the right-hand side of equation (1)
describes the motion of free-charge carriers in the sam-
ple. The characteristic dielectric parameters such as the
relaxation frequency (fR) and the dielectric strength (δ)
were obtained by fitting the experimental dielectric loss
(′′) data to the imaginary part of the equation (1) given
by [13, 60–62],
′′ =
σ0
0(2pif)s
+
N∑
k=1
Im
{
δk
[1 + (i2pifτk)αk ]βk
}
=
σ0
0(2pif)s
+
N∑
k=1
δk sin(βkθ)
[1 + (2pifτk)2αk + 2(2pifτk)αk cos(αkpi/2)]βk/2
(2)
Where,
θ = tan−1
[
(2pifτk)
αk sin(αkpi/2)
(1 + (2pifτk)αk cos(αkpi/2)
]
(3)
Here, f is the frequency, ∞ is the high-frequency limit of
permittivity, δk is the dielectric strength for k-th relaxation
process, σ0 is the dc conductivity, 0 is the free-space
permittivity (8.854 ∗ 10−12 F/m), s is a fitting parameter
responsible for the nonlinearity in dc conductivity part (for
ohmic behaviour, s = 1), k is the number of relaxation
processes, τk(= 1/2pifk) is the relaxation time for k-th re-
laxation process, αk and βk are the empirical fit parameters
that describe symmetric and non-symmetric broadening,
respectively, of the k-th relaxation peak. In our case, in
the absorption curve we have two different relaxation peaks
and hence k = 1 and 2. A representative of the obtained
Havriliak-Negami (H-N) fits are shown in Figure 6. The
values of α1 and α2 lie in the range of 0.95 − 1 while the
values of β1 and β2 lie in the range of 0.73 − 1 (we perform
the fitting over a range of temperatures 107 − −135◦ and
the ranges in α1..β2 reflect the fitted values at different
temperatures). The variations of the relaxation frequency
(fR) and the dielectric strength (δ) of modes M1 and M2
with temperature, as obtained from the fitting, are shown in
Figure 7. The results show that δ1 (i.e. corresponding to
M1) for 14-2M-CH3 increases slightly, from ∼ 103 to ∼ 107,
with increasing temperature. In contrast, δ1 for the QDs
dispersed nanocomposite takes values ∼ 102 and remains
almost unaltered with change in temperature. Therefore,
the incorporation of CdSe/ZnS QDs resulted in a decrease
of δ1, which is an indication of alterations in the formation
of cybotactic clusters. Again, the value of δ1 is quite large
and it is similar to ferroelectric LCs [11, 12, 53, 63]. Again,
since δ ∝ µ2 (where µ is the net dipole moment), it concurs
with the presence of locally polar cybotactic clusters. The
dielectric strength δ2 associated with M2 was found to
be very small and temperature independent for both the
compounds.
On the other hand, incorporation of QDs caused fR1 to
shift to higher frequencies. It indicates that there is an
apparent reduction in size of the smectic-like cybotactic
FIG. 7. Temperature-dependent variation of the relaxation
frequency (fR) and the dielectric strength (δ) corresponding
to M1 and M2 of (a-b) the pristine LC and (c-d) 0.5 wt% QDs
incorporated LC.
7clusters [56]. This reduction can be estimated qualitatively
by taking ratio of the relaxation frequency fR1 for both the
cases. The ratio has an average value ∼ 0.67, where the
average is taken over two sets of measurements and a range
of temperatures. This ratio signifies a relative change in the
average number of molecules (Nc) present in each cluster
(in accordance with our earlier theoretical model and the
experiments) [42, 56]. In our earlier theoretical work on
bent-core nematic LCs we took Nc = 50. Recent observations
have shown that the typical size of smectic-like cybotactic
clusters lie in the range of few tens of nanometres to around
hundred nanometres [55]. Again, the typical dimension of a
bent-core LC molecule is around 2−3 nanometers. Therefore,
the number Nc = 50 is justified in case of pure (undoped)
bent-core LCs. For the QDs dispersed bent-core nematic
LCs, we can take Nc ∼ 33 (= 50 x 0.67) as a reasonable value.
The relaxation frequency fR1 manifested a gradual decrease
with decreasing temperature, divulging an Arrhenius-type
behaviour (fR = f0 exp(−Ea/kBT ); f0 is a temperature-
independent constant, Ea is the activation energy, kB is the
Boltzmanns constant and T is the absolute temperature).
fR2 also manifested an Arrhenius-like behaviour and varied
only slightly on incorporation of QDs. It again shows that
M2 is related to fast (high-frequency) molecular relaxation
processes only.
The activation energy (Ea) associated with a relaxation
process represents the minimum amount of energy required
for that process to take place [53]. The value of Ea as-
sociated with the relaxation processes can be obtained by
plotting fR as a function of 1/T and by using the relation
fR = f0 exp(−Ea/kBT ). The Arrhenius plot of ln(fR1) vs.
1/T (for M1) for the two compounds are shown in Figure 8.
The activation energy (Ea) associated with M1 was then eval-
uated from the slope of the linear fit, as shown in Figure 8.
The value of Ea (∼ 30 kJ/mol) increased slightly after the
incorporation of QDs (∼ 36 kJ/mol). For a small cluster size,
the net dipole moment (µ) also becomes small. Hence, more
energy is required to interact with an external electric field.
Therefore, an increased value of Ea for M1, after the incorpo-
ration of CdSe/ZnS QDs, also implies a decrease in the size
of cybotactic clusters. It also concurs with our earlier obser-
vations. The activation energy associated with M2 has rather
small values (∼ 6 kJ/mol) and it does not change significantly
after the incorporation of QDs.
FIG. 8. Arrhenius plot of the M1 relaxation frequency (fR1)
in the nematic (N) phase of (a) pristine and (b) 0.5wt%
CdSe/ZnS QDs incorporated 14-2M-CH3. The activation en-
ergy (Ea) is calculated from the slope of the linear fit, repre-
sented by the solid red line.
C. Orientational order parameter measurements
For evaluating the macroscopic orientational order param-
eter S =< P2(cos θ) > of the LC compounds, the optical
birefringence (∆n) was measured as a function of tempera-
ture. The LC sample was perpendicularly illuminated with
a He-Ne laser (λ ∼ 633 nm) and placed between two crossed
Glan-Thompson polarizers such that the optic axis makes an
angle ϕ = 45◦ with the polarizer/analyzer pass axis. The
power at the output end was measured with a photodetec-
tor. Under this experimental condition, the transmitted light
intensity can be expressed as [50],
I = I0 sin
2 2ϕ sin2
δ
2
=
I0
2
(1− cos δ) (4)
Where, δ = 2pi
λ
∆nd is the phase difference, I is the trans-
mitted light intensity, I0 is the incident light intensity, ϕ (=
45◦) is the azimuthal angle/angle made by optics axis with
the polarizer/analyzer pass axis, δ is the phase angle, λ is the
incident light wavelength, ∆n = ne − no is the birefringence,
ne and no are the extraordinary and ordinary refractive in-
dices of the LC, and d is the thickness of the LC cell. The
birefringence ∆n is measured directly from the experimental
results using equation (4), as a function of temperature. The
macroscopic order parameter (S) was evaluated by fitting the
experimental birefringence data with the well-known Hallers
equation [64–66],
∆n = ∆n0(1− T/T ∗)β (5)
Here, ∆n is the birefringence, ∆n0, T
∗ and β are empirical
fit parameters, T is the absolute temperature. T ∗ is slightly
higher than the clearing temperature, and β takes values
around 0.2. Physically, ∆n0 is the extrapolated value of bire-
fringence at absolute zero temperature. ∆n0 was found ∼ 0.3
for 14-2M-CH3 and ∼ 0.31 for the QDs dispersed nanocom-
posite. The parameter T ∗ took values ∼ 134.21 - 134.22 ◦C
for the LC 14-2M-CH3 and ∼ 134.29 - 134.35 ◦C for the
LC nanocomposite. The isotropic transition temperature re-
mained almost unaltered (∼ 134 ◦C). The Haller fit to the
experimental birefringence data was performed and the order
parameter S was evaluated from S = ∆n/∆n0 = (1−T/T ∗)β
[64, 65]. The obtained temperature-dependent profiles of S for
FIG. 9. Orientational order parameter (S) as a function of
temperature for the bent-core LC 14-2M-CH3 and its 0.5wt%
CdSe/ZnS QDs incorporated nanocomposite.
8both the LC compounds are shown in Figure 9. The macro-
scopic order parameter S decreased appreciably after the in-
corporation of QDs. This decrease in order parameter can
be ascribed to the reduction of cluster size after QDs incor-
poration, as already discussed in the dielectric studies. The
nematic (N) phase range was increased by ∼ 2 ◦C via disper-
sion of 0.5 wt% CdSe/ZnS QDs which was also found in both
optical and dielectric measurements.
IV. MATHEMATICAL MODEL
Our primary goal is to propose a simple mathematical
model that can describe the doping-induced reduction of the
nematic scalar order parameter, that can be subsequently
improved to describe novel features such as ferroelectricity,
chirality, biaxiality and dynamic processes such as switching
processes.
In [43], N. V. Madhusudana proposes a Landau-de Gennes
(LdG) type two-state model for the N phase of BLCs. As
stated in the Introduction, this is a phenomenological model
based on the premise that the N phase of the BLC com-
pound comprises two different types of molecules: ground
state (GS) molecules and excited state (ES) molecules. The
ES molecules define the smectic-like cybotactic clusters and
the GS molecules are located outside the clusters. The generic
LdG theory models a single component system e.g. the GS
molecules, typically assumed to be rod-like molecules that
tend to align with each other to yield long-range orientational
order [67]. Madhusudhana’s model is a two component model,
the GS and ES molecules with additional coupling effects and
in [42], we describe the N phase of the BLC by two macro-
scopic tensor order parameters (with a number of simplifying
assumptions)
Qg =
√
3
2
Sg
(
ng ⊗ ng − 1
3
I
)
Qc =
√
3
2
Sc
(
nc ⊗ nc − 1
3
I
) (6)
respectively, where Qg is the LdG order arameter correspond-
ing to the GS molecules and Qc is the LdG order parameter
corresponding to the ES molecules. In both cases, we as-
sume that Qg and Qc have uniaxial symmetry i.e. the GS
(ES) molecules align along a single averaged distinguished
direction ng (respectively nc) and we assume that ng and
nc are constant unit-vectors or directions (given the simplic-
ity of the planar cell geometry). There are two scalar order
parameters, Sc and Sg, corresponding to ES (excited state)
and GS (ground state) molecules respectively. As is standard
with variational approaches, the experimentally observed con-
figurations are described by local or global minimizers of a
suitably defined LdG-type energy in terms of Sc, Sg and the
coupling between them.
In Patranabish et al., the authors theoretically study sta-
ble (Sg, Sc) profiles in a simple planar cell geometry (as ex-
perimentally studied in this manuscript) as a function of the
temperature, in terms of minimizers of the following LdG-type
energy (heavily inspired by the work in [43] with additional
elastic effects that account for spatial inhomogeneities):
F =
∫
Ω
(1− ax)
(
ag
2
(T − T ∗)S2g − Bg
3
S3g +
Cg
4
S4g − EelSg
)
+
ax
Nc
(
−(1− ax)γSgSc + αc
2
S2c +
βc
4
S4c
)
− axJEelSc +Kg|∇Sg|2 +Kc|∇Sc|2dx
(7)
Here, the subscripts g and c denote the GS and the ES
molecules, respectively, and the clusters are essentially formed
by the ES molecules. We work with a one-constant approxi-
mation and Kg and Kc are the elastic constants of the GS
and ES molecules respectively. ag,Bg,Cg are the material
dependent parameters in the LdG free energy, T ∗ is the is
the nematic supercooling temperature such that the isotropic
phase of the GS phase is unstable for T < T ∗. The param-
eter, γ, is the coupling parameter between the GS molecules
and the clusters [43]. The coefficients, αc and βc, are satura-
tion parameters to ensure that the absolute value of Sc < 1
for physically relevant parameter regimes , Nc is the number
of ES molecules in each cluster, ax is the mole fraction of
the ES molecules. J accounts for the shape anisotropy of ES
molecules. Eel is the electric field energy (
1
2
0∆E
2) where 0
is the free-space permittivity, ∆ is the dielectric anisotropy,
E is the applied electric field. In what follows, we assume
Eel = 0.
In agreement with the parameter values used in [42], we
use fixed values Kg = Kc = K = 15pN ; ag = 0.04, Bg =
1.7, Cg = 4.5, αc = 0.22, βc = 4.0 (αg, Bg, Cg, αc and βc in
107/4 cgs units). For the undoped system studied in [42], we
take Nc = 50 and γ = 5.
The mathematical and physically pertinent question is -
how is the energy (7) modified by the uniformly suspended
QDs in the dilute limit? Following the elegant homogenisa-
tion framework developed in [45], the additional doping ef-
fects strongly depend on the anchoring effects on the QDs i.e.
what are the boundary conditions on the QD surfaces. We
assume that the QDs are spherical quantum nano-dots with
an average radius of 2−3 nanometers. Let P denote the total
collection of these QDs and these QDs may be located within
or outside the clusters.We assume Rapini-Paopular surface
anchoring on the nano-dots, with the surface energy density
given by
fS(Qg,Qc,Q
g
v,Q
c
v) = W
′
gtr(Qg−Qgv)2+W
′
c tr(Qc−Qcv)2, W
′
g ,W
′
c > 0,
(8)
where we treat Qgv and Q
c
v as the preferred alignment tensors
on the QD boundaries, for the GS and ES molecules respec-
tively, i.e.,
Qgv =
√
3
2
Sbg
(
ng ⊗ ng − 1
3
I
)
. (9)
and
Qcv =
√
3
2
Sbc
(
nc ⊗ nc − 1
3
I
)
. (10)
for some fixed Sbg, S
b
c > 0. Here we assume ng (nc) is the
same for Qg and Q
g
v (likewise for Qc and Q
c
v), so the surface
energy density (8) can be further simplified to
fgs (Sg, Sc, S
b
g, S
b
c) = W
0
g |Sg − Sbg|2 +W 0c |Sc − Sbc |2, (11)
where Sbc and S
b
g will be specified later but are generally un-
known modelling parameters. We assume strong anchoring
9so that W 0c and W
0
g is approximately 1 × 10−2J/m2 [67]. In
particular, W 0c is zero for QDs outside the clusters and W
0
g is
zero for QDs inside the clusters.
We nondimensionalize to energy to make the model more
tractable. We let A = (1 − ax)ag(T − T ∗), B = (1 −
ax)Bg, C = (1 − ax)Cg, D = ax(1 − ax)γ/Nc, E =
(1 − ax)Eel, M = αcax/Nc, N = βcax/Nc, P =
JEelax, Wg = (1 − ax)W 0g , Wc = axNcW
0
c , assume the
Eel = 0 throughout this paper and ax is the fixed mole frac-
tion of the ES molecules, so that the total free energy is given
by
F =
∫ (
A
2
S2g − B
3
S3g +
C
4
S4g
)
+
(
−DSgSc + M
2
S2c +
N
4
S4c
)
+Kg|∇Sg|2 +Kc|∇Sc|2dx
+Wg
∫
∂P
|Sg − Sbg|2dS +Wc
∫
∂P
|Sc − Sbc |2dS
(12)
The planar cell, denoted by Ω ⊂ R2, has thickness about 5
microns (5 × 10−6m), as in [42], and hence, we re-scale the
domain as in [42]
x¯ = x/xs, xs = 5× 10−8m, (13)
and the non-dimensionalized cell thickness is 100 units. The
radius of nanoparticles is about 2.8 nm in the experiments.
So the nondimensionalized radius of QD is
R0 = 0.056.
We can non-dimensionalize the free-energy (12) by letting x¯ =
x/xs, S¯g =
√
27C2
12B2
Sg, S¯c =
√
27C2
12B2
Sc F¯ = 272C372B4x3sF ,
Dropping all bars for convenience, the dimensionless energy
is (we take Eel = 0)
F =
∫
Ω
(
t
2
S2g − S3g + 1
2
S4g
)
+
(−C1SgSc + C2S2c + C3S4c )
+ κg|∇Sg|2 + κc|∇Sc|2dx
+ wg
∫
∂P
|Sg − α|2dS + wc
∫
∂P
|Sc − β|2dS,
(14)
where Ω is the three-dimensional planar cell with the QDs
removed, P is the collection of the three-dimensional spherical
QDs, α and β depend on the choices of Sbg and S
b
c and
t =
27AC
6B2
, C1 =
27CD
6B2
, C2 =
27CM
12B2
, C3 =
N
2C
,
κg =
27CKg
6B2x2s
, κc =
27CKc
6B2x2s
wg =
27CWg
2
6B2x3s
wc =
27CWc
2
6B2x3s
(15)
where  is the QD radius. In the strong anchoring limit, the
re-scaled wg and wc can actually be very small , because of
the dependence on the QD radius.
We now apply a homogenisation result in [45] which effec-
tively states that for  small enough, minimizers of a re-scaled
(dimensionless) general energy of the form∫ ∫ ∫
Ω
fel(∇Q) + fb(Q)dV + 3−2α
∫ ∫
∂P
fs (Q, ν) dA,
(16)
with 1 < α < 3
2
can be studied in terms of minimizers of the
homogenized energy
Fh(Q) =
∫
Ω
fel(∇Q) + fb(Q) + fhom(Q)dV (17)
where fhom =
∫
∂B(xi,)
fs(Q, ν)dA, B(xi, ) simply denotes
a single spherical QD centered at the point xi ∈ Ω,  is the
QD radius and fs is the surface energy, and ∂B(xi, ) is the
boundary of the QD. We apply this result to calculate the ho-
mogenised potential corresponding to the dimensionless form
of (11) to be
fhom(Sg, Sc) = w
(1)
g S
2
g − w(2)g Sg + w(1)c S2c − w(2)c Sc (18)
where
ω(1)g = 4piR
2
0wg, ω
(2)
g = 8piR
2
0S
b
gwg (19)
and
w(1)c = 4piR
2
0wc, w
(2)
c = 8piR
2
0S
b
cwc. (20)
Hence, the total non-dimensionalized homogenised free en-
ergy is given by
F =
∫ ((
t
2
+ w(1)g
)
S2g −
√
6S3g +
1
2
S4g
)
+
(
−C1SgSc + (C2 + w(1)c )S2c + C3S4c
)
+ κg|∇Sg|2 + κc|∇Sc|2 − w(2)g Sg − w(2)c Scdx
(21)
For the parameter values as stated before, we have C1 =
0.0700692, C2 = 0.0017 and C3 = 0.0040.
We choose Dirichlet boundary conditions for Sg and Sc
given by
Sg =
3 +
√
9− 8t
4
, Sc = 0, (22)
which corresponds to the absence of clusters on the planar
cell boundaries. The boundary conditions (22) are not special
and we believe that our qualitative conclusions would hold for
other choices of the Dirichlet boundary conditions too.
We also need to specify Sbg and S
b
c to determine ω
(2)
g and
w
(2)
c above and we again choose
Sbg =
3 +
√
9− 8t
4
, Sbc = 0, (23)
and Wg = Wc = W .
For simplicity and for comparison with the results in [42],
we assume that the structural variations only occur across
the planar cell thickness, with invariance in the lateral di-
mensions i.e. we adopt a one-dimensional approach. Then
the equilibrium (Sg, Sc) profiles are solutions of the corre-
sponding boundary-value problem
{
κg
d2Sg
dx2
= 2S3g − 3
√
6S2g + (t+ w
(1)
g )Sg − C1Sc − w(1)g
κc
d2Sc
dx2
= 4C3S
3
c + (2C2 + 2w
(1)
c )Sc − C1Sg − w(2)c
(24)
subject to the Dirichlet boundary conditions in (22).
We note that the bulk equilibrium states (with no elastic
effects captured by setting the elastic constants to be zero
in (24)) have non-zero Sc in general i.e. for t = −1.96194,
w
(1)
g = w
(2)
c = 0, the global minimizer of the rescaled bulk
energy is (Sg, Sc) = (2.0146, 3.206).
In what follows, we numerically solve the coupled equa-
tions in (24) to compute the equilibrium profiles of (Sg, Sc)
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FIG. 10. Bulk mean order parameter as a function of γ for
fixed Nc = 33.5 and W = 1e−1. Bulk mean order parameter
as a function of Nc for fixed γ = 5 and W = 0.
as a function of temperature, Nc and γ. Recall that the exper-
iments suggest that both Nc and γ are reduced for the doped
system, compared to its undoped counterpart. We define the
bulk mean order parameter Sm, which is a weighted scalar
order parameter as shown below
Sm = (1− ax)Sg + axSc. (25)
We use the value of Sm at room temperature (293 K) with
(Nc,W, γ) = (50, 0, 5) to normalize Sm. Recall that Nc = 50
and γ = 5 have been used to study the undoped BLC system
in [42].
Next we fix Nc = 33.5 and W = 1e − 1, and study Sm as
function of γ. The results are plotted in Fig, 10 and Sm de-
creases when γ decreases. Fig. 10 illustrates Sm as a function
of Nc, for fixed γ = 5 (in 106/4 SI units) and W = 0. Here,
Sm increases as Nc decreases, although the changes are not
pronounced. Finally, we plot Sm as function of temperature
for undoped and doped systems. For the undoped system,
(Nc, γ,W ) = (50, 5, 0), while (Nc, γ,W ) = (33.5, 3.35, 1e− 1)
and (Nc, γ,W ) = (33.5, 3.35, 1e − 2) describe doped systems
with lower values of Nc and γ, see Fig. 11.
It is clear that this simple model clearly captures the
doping-induced reduction in the values of Sm, consistent with
the experimental results in Figure 9. Sm also decreases with
increasing T as expected. The actual values of Sm for the
doped systems in Figure 11 are higher than the experimen-
tally reported values in Figure 9 and we think an exact fitting
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(NC, , W) = (33.5, 3.35, 0.1)
FIG. 11. Bulk mean order parameter as a function of tem-
perature for γ = 5 (in 106/4 SI units)
between the numerical and the experimental results are un-
likely at this stage. However, this simple model does provide
a clear explanation of why the QD doping reduces Sm in ex-
periments - the interaction/anchoring between the QDs and
the host BLC matrix increases the effective temperature (the
coefficient of S2c and S
2
g in (21)) of both the GS state and the
cybotactic clusters, and hence at a given temperature, the
doped system experiences a shifted higher temperature and
the shift is directly determined by the anchoring and shape of
the dispersed QDs. This QD-induced effective temperature
shift necessarily reduces Sm compared to its undoped coun-
terpart. A doping-induced reduced Sm qualitatively explains
the experimentally observed reduced dielectric anisotropy and
birefringence in doped systems, compared to undoped sys-
tems. However, this simple model does not give any insight
into how the doping influences Nc or γ i.e. properties of the
cybotactic clusters and the cluster sizes.
V. CONCLUSION
We perform experimental and theoretical studies of a QDs-
dispersed BLC 14−2M−CH3 inside a planar cell. We believe
that QDs are attractive nano-inclusions for stable suspen-
sions, without aggregation effects. We present experimental
optical profiles for the doped and undoped systems, tracking
the textural colour changes with temperature. We perform
experimental measurements of the dielectric permittivity, in-
cluding the dispersion and absorption spectra, and use fitting
algorithms to calculate relaxation frequencies and dielectric
strengths, that in are used to validate the existence of cyb-
otactic clusters in the doped and undoped systems, the re-
duction of cluster sizes in doped systems and corresponding
activation energies. We also present experimental measure-
ments of the orientational order parameters of the doped and
undoped systems and all experiments demonstrate doping-
induced reduction of orientational order and cluster sizes,
that manifest in doping-induced reduced birefringence and re-
duced dielectric anisotropy at a fixed temperature. In terms
of future experiments, we would like to investigate biaxial-
ity in these QDs-dispersed BLC systems, chirality and pro-
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totype devices based on such simple planar cell geometries.
For example, we could treat the planar cell to have conflict-
ing boundary conditions on both the cell surfaces, naturally
inducing inhomogeneous director profiles.
We support some of our experimental findings with a ho-
mogenized Landau-de Gennes type model for a doped BLC
system, with two scalar order parameters, Sg and Sc, and con-
stant director profiles. In particular, we capture the doping-
induced reduction in the mean scalar order parameter which
is an informative and illuminating first step. The theory can
be embellished in many ways, to make it physically realistic
e.g. elastic anisotropy involving additional terms in the elas-
tic energy density, non-constant director profiles captured by
non-constant ng and nc and understanding how the QDs af-
fect the cybotactic clusters. This could be done by using a
general two-tensor model, Qg and Qc, without making any
additional assumptions about uniaxial symmetry or constant
directors, as in our mathematical model in this paper. How-
ever, it will be a challenge to describe the cybotactic cluster-
mediated coupling between Qg and Qc without these restric-
tive assumptions, and some of these directions will be pursued
in future work.
ACKNOWLEDGEMENT
The authors would like to thank Prof. N.V.S. Rao, Depart-
ment of Chemistry, Assam University, Assam, India and Dr.
Golam Mohiuddin, Xi’an Jiaotong University, Xi’an, China
for providing the liquid crystal samples. S.P. acknowledges
IIT Delhi for financial support under Full-time Institute Assis-
tantship. The authors would like to thank DST-UKIERI for
generous funding to support the 3-year collaborative project.
The authors thank Dr Giacomo Canevari for helpful discus-
sions on the homogenised potentials.
[1] C. Tschierske and D. J. Photinos, Journal of Materials
Chemistry 20, 4263 (2010).
[2] H. Takezoe and Y. Takanishi, Japanese journal of applied
physics 45, 597 (2006).
[3] A. Ja´kli, Liquid Crystals Reviews 1, 65 (2013).
[4] O. Francescangeli, F. Vita, and E. T. Samulski, Soft
Matter 10, 7685 (2014).
[5] J. Etxebarria and M. B. Ros, Journal of Materials Chem-
istry 18, 2919 (2008).
[6] C. Keith, A. Lehmann, U. Baumeister, M. Prehm, and
C. Tschierske, Soft Matter 6, 1704 (2010).
[7] M. Cestari, S. Diez-Berart, D. Dunmur, A. Ferrarini,
M. de La Fuente, D. Jackson, D. Lopez, G. Luckhurst,
M. Perez-Jubindo, R. Richardson, et al., Physical Review
E 84, 031704 (2011).
[8] V. Borshch, Y.-K. Kim, J. Xiang, M. Gao, A. Ja´kli, V. P.
Panov, J. K. Vij, C. T. Imrie, M.-G. Tamba, G. H. Mehl,
et al., Nature communications 4, 2635 (2013).
[9] S. Taushanoff, K. Van Le, J. Williams, R. J. Twieg,
B. Sadashiva, H. Takezoe, and A. Ja´kli, Journal of Ma-
terials Chemistry 20, 5893 (2010).
[10] K.-W. Park, M.-J. Gim, S. Kim, S.-T. Hur, and S.-W.
Choi, ACS Applied Materials & Interfaces 5, 8025 (2013).
[11] G. Shanker, M. Prehm, M. Nagaraj, J. K. Vij, M. Wey-
land, A. Eremin, and C. Tschierske, ChemPhysChem
15, 1323 (2014).
[12] G. Shanker, M. Nagaraj, A. Kocot, J. K. Vij, M. Prehm,
and C. Tschierske, Advanced Functional Materials 22,
1671 (2012).
[13] S. Ghosh, N. Begum, S. Turlapati, S. K. Roy, A. K. Das,
and N. V. Rao, Journal of Materials Chemistry C 2, 425
(2014).
[14] O. Francescangeli, V. Stanic, S. I. Torgova, A. Strigazzi,
N. Scaramuzza, C. Ferrero, I. P. Dolbnya, T. M. Weiss,
R. Berardi, L. Muccioli, et al., Advanced Functional Ma-
terials 19, 2592 (2009).
[15] B. R. Acharya, A. Primak, and S. Kumar, Physical re-
view letters 92, 145506 (2004).
[16] D. Gu¨zeller, H. Ocak, B. Bilgin-Eran, M. Prehm, and
C. Tschierske, Journal of Materials Chemistry C 3, 4269
(2015).
[17] L. Marino, A. T. Ionescu, S. Marino, and N. Scaramuzza,
Journal of Applied Physics 112, 114113 (2012).
[18] C. Bailey, K. Fodor-Csorba, J. T. Gleeson, S. N. Sprunt,
and A. Ja´kli, Soft Matter 5, 3618 (2009).
[19] S. Kashima, M. Chiba, Y. Takanishi, J. Yamamoto, and
A. Yoshizawa, Journal of Materials Chemistry C 6, 5521
(2018).
[20] M. Alaasar, S. Poppe, C. Kerzig, C. Klopp, A. Eremin,
and C. Tschierske, Journal of Materials Chemistry C 5,
8454 (2017).
[21] S. H. Hong, R. Verduzco, J. T. Gleeson, S. Sprunt, and
A. Jakli, Physical Review E 83, 061702 (2011).
[22] V. Domenici, Soft Matter 7, 1589 (2011).
[23] V. Go¨rtz, C. Southern, N. W. Roberts, H. F. Gleeson,
and J. W. Goodby, Soft Matter 5, 463 (2009).
[24] H. Qi and T. Hegmann, ACS applied materials & inter-
faces 1, 1731 (2009).
[25] H. Qi, B. Kinkead, and T. Hegmann, Advanced Func-
tional Materials 18, 212 (2008).
[26] M. Urbanski and J. P. Lagerwall, Journal of Materials
Chemistry C 4, 3485 (2016).
[27] F. Haraguchi, K.-i. Inoue, N. Toshima, S. Kobayashi,
and K. Takatoh, Japanese journal of applied physics 46,
L796 (2007).
[28] L. O. Dolgov and O. V. Yaroshchuk, Colloid and Polymer
Science 282, 1403 (2004).
[29] E. Ouskova, O. Buchnev, V. Reshetnyak, Y. Reznikov,
and H. Kresse, Liquid Crystals 30, 1235 (2003).
[30] H.-Y. Chen, W. Lee, and N. A. Clark, Applied physics
letters 90, 033510 (2007).
[31] W. Lee, C.-Y. Wang, and Y.-C. Shih, Applied Physics
Letters 85, 513 (2004).
[32] R. Khan, S. Turlapati, N. Rao, and S. Ghosh, Journal
of Molecular Liquids 225, 328 (2017).
[33] J. Kumar, V. Prasad, and M. Manjunath, Journal of
Molecular Liquids 266, 10 (2018).
[34] U. Shivakumar, J. Mirzaei, X. Feng, A. Sharma, P. Mor-
eira, and T. Hegmann, Liquid Crystals 38, 1495 (2011).
[35] S. Orlandi, E. Benini, I. Miglioli, D. R. Evans, V. Reshet-
nyak, and C. Zannoni, Physical Chemistry Chemical
Physics 18, 2428 (2016).
12
[36] J. Mirzaei, M. Urbanski, K. Yu, H.-S. Kitzerow, and
T. Hegmann, Journal of Materials Chemistry 21, 12710
(2011).
[37] B. Kinkead and T. Hegmann, Journal of Materials Chem-
istry 20, 448 (2010).
[38] J. Mirzaei, M. Reznikov, and T. Hegmann, Journal of
Materials Chemistry 22, 22350 (2012).
[39] T. Zhang, C. Zhong, and J. Xu, Japanese Journal of
Applied Physics 48, 055002 (2009).
[40] M. Urbanski, J. Mirzaei, T. Hegmann, and H.-S. Kitze-
row, ChemPhysChem 15, 1395 (2014).
[41] W. Maier and A. Saupe, Dynamics and Defects in Liquid
Crystals: A Festschrift in Honor of Alfred Saupe , 393
(1998).
[42] S. Patranabish, Y. Wang, A. Sinha, and A. Majumdar,
Physical Review E 99, 012703 (2019).
[43] N. V. Madhusudana, Phys. Rev. E 96, 022710 (2017).
[44] S. Patranabish, G. Mohiuddin, N. Begum, A. R. Laskar,
S. K. Pal, N. V. Rao, and A. Sinha, Journal of Molecular
Liquids 257, 144 (2018).
[45] G. Canevari and A. Zarnescu, arXiv preprint
arXiv:1901.03541 (2019).
[46] P. Kumar, S. Debnath, N. V. Rao, and A. Sinha, Journal
of Physics: Condensed Matter 30, 095101 (2018).
[47] A. Chakraborty, S. Chakraborty, and M. K. Das, Phys-
ical Review E 91, 032503 (2015).
[48] S. Chakraborty, M. K. Das, A. Bubnov, W. Weissflog,
D. Weg lowska, and R. Dabrowski, Journal of Materials
Chemistry C 7, 10530 (2019).
[49] I.-C. Khoo, Liquid crystals (John Wiley & Sons, 2007).
[50] I. Dierking, Textures of liquid crystals (John Wiley &
Sons, 2003).
[51] R. Hoffman and M. W. Davidson, “Michel-levy bire-
fringence chart,” https://www.olympus-lifescience.
com/en/microscope-resource/primer/techniques/
polarized/michel/.
[52] A. Nafees, G. Kalita, M. K. Paul, A. Sinha, and N. V.
Rao, RSC Advances 5, 7001 (2015).
[53] W. Haase and S. Wro´bel, Relaxation phenomena: liquid
crystals, magnetic systems, polymers, high-Tc supercon-
ductors, metallic glasses (Springer Science & Business
Media, 2013).
[54] R. Douali, C. Legrand, V. Faye, and H. Nguyen, Molecu-
lar Crystals and Liquid Crystals Science and Technology.
Section A. Molecular Crystals and Liquid Crystals 328,
209 (1999).
[55] C. Zhang, M. Gao, N. Diorio, W. Weissflog, U. Baumeis-
ter, S. Sprunt, J. T. Gleeson, and A. Ja´kli, Phys. Rev.
Lett. 109, 107802 (2012).
[56] Y. P. Panarin, S. P. Sreenilayam, J. K. Vij, A. Lehmann,
and C. Tschierske, Beilstein Journal of Nanotechnology
9, 1288 (2018).
[57] D. Wiant, S. Stojadinovic, K. Neupane, S. Sharma,
K. Fodor-Csorba, A. Jakli, J. T. Gleeson, and S. Sprunt,
Physical Review E 73, 030703 (2006).
[58] S. Havriliak and S. Negami, in Journal of Polymer Sci-
ence Part C: Polymer Symposia, Vol. 14 (Wiley Online
Library, 1966) pp. 99–117.
[59] S. Havriliak and S. Negami, Polymer 8, 161 (1967).
[60] P. Nayek, S. Ghosh, S. Roy, T. P. Majumder, and
R. Dabrowski, Journal of Molecular Liquids 175, 91
(2012).
[61] S. Ghosh, P. Nayek, S. K. Roy, T. P. Majumder, and
R. Dabrowski, Liquid Crystals 37, 369 (2010).
[62] S. K. Saha, G. Mohiuddin, M. K. Paul, S. P. Gupta,
R. K. Khan, S. Ghosh, and S. K. Pal, ACS omega 4,
7711 (2019).
[63] V. Novotna, M. Glogarova, A. Bubnov, and H. Sv-
erenyak, Liquid crystals 23, 511 (1997).
[64] I. Haller, Progress in solid state chemistry 10, 103 (1975).
[65] A. Prasad and M. K. Das, Phase Transitions 83, 1072
(2010).
[66] K. Merkel, A. Kocot, C. Welch, and G. Mehl, Physical
Chemistry Chemical Physics 21, 22839 (2019).
[67] M. Ravnik and S. Zˇumer, Liquid Crystals 36, 1201
(2009).
[68] Y. Wang, P. Zhang, and J. Z. Chen, Soft matter 14,
6756 (2018).
